+ 18 mg/dl (mean + S.E.) compared to 23 + 9 mg/dl ( P < 0.02) lyassy and Aviram (12) found decreased plasma levels of tryptoin control animals. A 20-cm-long segment of proximal jejunum was phan in ureniic patients compared to normal individuals after oral perfused in v i~~o with Krebs-Henseleit buffers containing amino loading and suggested that intestinal transport of this amino acid acids and carbohydrates with "C-and '11-labeled tracers. The was impaired in uremia. Significant failure of reabsorption of jejunal absorption of tyrosine was significantly increased in uremic amino acids from the proximal renal tubule is known to occur in rats: 5.63 + 0. 42 as compared to 3.47 f 0. 28 nmoles/min x cm in uremia (2, 12) . A recent study using rats showed variable effects the controls ( P < 0.001) . Similarly, the absorption of phenylalanine of uremia on the intestinal transport of leucine (39) . This was was increased in the uremic rats; 5.79 f 0.41 versus 3.74 f 0. 32 associated with increased activity of disaccharidases and gammanmoles/min X cm in the control rats ( P < 0.001). Confirmation glutamyl transpeptidase in intestinal brush border preparations of that increased phenylalanine absorption represented a true lumen-the uremic rats. to-blood flow was obtained by measurement of ["Hlphenylalanine Studies of intestinal absorption and of the various factors which in blood drawn from the aorta after 60 min of perfusion. The blood affect growth and nutrition in uremic patients are limited by count in uremic ruts WUI 2,307 f 257 dptn/tnl vrr.,u,s 1173 k 172 problems of d i e t a r y c o n t r o l a n d heterogeneity ;Inlong patient.\. I n dpm/ml in controls ( P < 0.01) . The absorption of glucose along the current study, we have utilized a model of chronic uremia in the jejunum was also increased in the uremic rats over the controls rats to explore in vivo whether intestinal absorption of glucose and both at 4 and 40 mM. At 4 mM, the absorption in uremic rats was selected amino acids was altered in this condition. We found 27.79 + 1.84 versus 21.02 f 1.66 nmoles/min x cm ( P < 0.01) in increased absorption of phenylalanine, tyrosine. glucose. and 3-controls. At 40 mM, the values were 228.5 + 16. 3 and 170.9 + 0-methyl-glucose associated with evidence suggestive of increased 16.9 nmoles/min x cm, respectively ( P < 0.02). In contrast, the permeability of the jejunal mucosa.
absorption of histidine and alpha-aminoisobutyric acid was not significantly different between uremic and control animals. The
alterations in jejunal transport were associated with a decreased Male W,star rats weigh,ng 130 to 150 were made uremic by incorporation of I3Hlphenylalanine into protein in the cell mem-mod,fication of the convent,onal s,, nephrectomy ( I ,, brane-rich portion of intestinal mucosal scrapings (43.7 + 4.7 nCi/ to the removal of the upper and lower poles on one kidney during g protein tyer.vus 94.2 f 13.1 nCi/g protein in controls; P < 0.01). the initial procedure. the lateral of (he remaln,ng There was also secretion of glucose from blood-to-intestinal lumen, m,dport,on was also One wk later, contralateral total which was significantly greater in uremic than in control animals: nephrectomy was performed leaving 1 1.41 f 0.16 versus 0.87 f 0.05 nmoles/min X cm ( P < 0.01). These mass (he conventional I ,,, control were results are consistent with an alteration of the integrity of the and pa,r fed the same amount of purina lab chow ( 4 1 ) jejunal mucosa in uremia which affects its permeability and alters as [heir counterparts had taken the day. the transport of nutrient.
This meal was offered late in the afternoon, shortly before the beginning of the rats active cycle to minimize differences which Speculation might occur from feeding patterns. Water was available udlihitum. The rats were individually caged. and their weights were recorded The decreased incorporation of phenylalanine into membraneweekly. Blood was drawn from the tail vein each wk for deter-' bound material of the jejunal mucosa and the increased blood-tomination of blood urea nitrogen (BUN) (42) . Studies of jejunal lumen flux of glucose in uremic rats may indicate a defect in the transport were initiated 4 to 6 wk after surgically inducing uremia integrity of the intestinal mucosa. This may be associated with an when the BUN in the experimental group reached at least 60 mg/ altered premeability, which facilitates increased intestinal absorp-dl and did not exceed 1 10 mg/dl. Rats with BUN levels outside tion of solutes. These kinds of changes in uremia seem to be this range were discarded. (23) in the pooled blood sample of four uremic rats was 1.6 mg/dl compared with 0.4 mg/dl in the pooled sample from the control rats. The urine values were 0.92 and 0.25 mg/dl, respectively. for uremic and control pooled samples. The four-fold increase over normal values of the uremic toxin guanidinosuccinic acid in blood and urine samples is consistent with previously published studies showing a similar increase in uremic rats and humans (3 1) and further confirms the adequacy of our model.
The transport of selected amino acids and glucose from lumento-blood as well as from blood-to-lumen was studied in vivo. The technique has been described fully elsewhere (35) . In brief, the rats were anesthetized with 1.5 mg/kg urethane administered IP. the abdominal cavity was opened by a midline incision, and the small intestine was cannulated below the ligament of Treitz. A 20-cm-long segment was utilized for perfusion, and intestinal contents were washed with two 10 ml portions of 0.15 M NaCI. The proximal end of the intestinal segment was attached to a Harvard peristaltic pump (43) and perfused at the rate of 0.20 to 0.24 ml/ min. The solutions used for perfusion of the jejunal segment were Krebs-Henseleit bicarbonate isotonic buffers with I mM of either phenylalanine, tyrosine, histidine. alpha-aminoisobutyric acid, and 3-0-methyl-glucose. Glucose at either 4 or 40 mM concentration was also included in some of the buffers. Tracer amounts of these substances (44), uniformly labeled with "H or I4C were added to a level of approximately 20.000 dpm/ml. Polyethylene glycol. molecular weight, 3000 to 3700 (45), a nonabsorbable marker, was used in each experiment to control for water transport and was added to the buffer at a concentration of 6 g/liter. The solution was maintained isotonic by adjustment of NaCI. The buffer was bubbled with 02:COZ (95:5), and its temperature was maintained at 37°C. Each rat was perfused with two buffers, each of them containing a test amino acid and carbohydrate. The sequence of perfusion was randomized. After a 45-min equilibration period for each buffer, perfusates were collected every 15 min for one hr.
The amount of polyethylene glycol in the perfusion samples was determined by turbidimetry (21) . The concentration of amino acid and glucose in the perfusate was determined by isotope dilution. Tritium was counted with an efficiency of at least 20% and I4C with an efficiency better than 50% as determined by an external source reference and against quenched standards. All samples were counted with a statistical error lower than I% and a probability better than 99% in a Beckman LS-230 liquid scintillation counter.
The transport of amino acids and carbohydrates was calculated by determination of their concentrations in pre-and postperfusion buffers after correction for water transport. Another measure of lumen-to-blood flow was estimated by determining the counts of [ %~]~h e n~I a l a n i n e and I4C-labeled 3-0-methyl-glucose in blood drawn from the aorta at the end of the experiment. These results , were expressed as nmoles/min/cm of jejunum and dpm/ml of blood, respectively. In experiments directed to measure blood-tolumen flow of glucose, Krebs-Henseleit bicarbonate buffers containing no glucose were perfused under the conditions described above. Glucose in the effluent buffer was then determined by a glucose oxidase method (46) . The differences between the means 'of the experimental and control groups were compared using the Student's r test (8) and are expressed as means + S.E.
RESULTS
The mean weight gain ( + S.E.) after 5 wk of uremia induced by surgical removal of about 90% of the total renal mass was 53.8 & 6.1 g ( N = 19) for the experimental animals and 84.2 + 6.2 ( N = 15) for their pair-fed controls ( P < 0.001). The weight gain of the controls was limited by the reduced food intake which was matched to the ad lihirum intake of the anorexic uremic rats. However, the weight achieved by the controls was higher than in experimental rats due to decreased food efficiency in the latter. The uremic animals had a wasted appearance and exhibited sparse and coarse fur. They frequently had muscle twitching and tremors whereas their pair-fed controls had none of these findings. Macroscopically. the intestinal mucosa of the uremic rats did not appear different from that of controls in the whole or cut jejunum, and the mucosal surface was normal in appearance in both uremic and control animals.
The absorption of glucose was found to be significantly greater in the uremic rats compared to their pair-fed, sham-operated controls. Glucose added to fhe perfusing buffer at the physiologic concentration of 4 mM was absorbed at a significantly greater rate in uremic rats than in controls (Fig. 1) . Perfusion of the jejunum with glucose at the higher concentration of 40 mM also showed an increase in absorption in both uremic and control animals. The increase in absorption was proportional to the concentration of glucose in the solutions perfused with a comparable difference at 4 and 40 mM concentrations between uremic and control animals.
The jejunal absorption of tyrosine and phenylalanine from a solution of intestinal perfusate of Krebs-Henseleit buffer containing I mM of each radiolabeled amino acid was also significantly increased in chronically uremic rats and was approximately twice the level of that observed in sham-operated, pair-fed control animals ( Fig. 2) . The absorption rates observed in the control rats were similar to those found in normal rats in previous experiments in our laboratory with perfusion of tyrosine and phenylalanine in millimolar concentrations.
The differences in jejunal transport rates between uremic and control animals for phenylalanine and glucose truly reflected an increased absorption across the intestinal mucosa because increased levels of ["Hlphenylalanine and [14C]3-O-methyl-glucose were found in uremic rats in samples taken from the aorta after 60 min of jejunal perfusion as compared to those found in controls. The blood levels for phenylalanine in the uremic rats were almost twice those of controls (Fig. 3) . and for the nonmetabolizable analog 3-0-methyl-glucose, the lumen-to-blood flow in the uremic rats was similarly increased in control animals (Fig. 3) . These data confirm that intestinal absorption. as measured by substrate disappearance from the lumen, represented actual passage of phenylalanine and glucose into the general circulation.
In contrast to the increased intestinal absorption of tyrosine, phenylalanine. glucose, and 3-0-methyl-glucose in uremic rats. there were no statistically significant differences in absorption rates of hididine and alpha-aminoisobutyric acid between uremic and control animals. In these experiments, the mean absorption rate for histidine in uremic animals was 3.75 f 0.65 nmoles/min x cm which was similar to the rate of 3.00 * 0.51 nmoles/min x cm found in controls. The mean absorption rate of 2.81 f 0.55 nmoles/min x cm for alpha-aminoisobutyric acid in uremic animals also was not significantly different from the controls which transported alpha-aminioisobutyric acid at a mean rate of 2.62 f .53 nmoles/min X cm.
Incorporation of ["H]phenylalanine into the particulate insoluble protein fraction of the intestinal mucosa of five uremic rats was significantly lower than in four controls (Table 1) . However, there were no differences in the incorporation of phenylalanine The blood-to-intestinal lumen back flux of glucose, was significantly higher in uremic animals (Fig. 4) . The uremic rats secreted almost double the amount of glucose from the blood into the intestinal lumen as the controls. Hence, the bidirectional flux of glucose was greater in the uremic rats than in control animals.
Uremic Control
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DISCUSSION
The results of this study demonstrate that the jejunal absorption of glucose and certain amino acids is increased in chronic experimental uremia. Uremic rats demonstrated significantly less weight gain than control rats despite similar food intake. suggesting decreased energy efficiency in the uremic rats. This is all the more noteworthy considering the increased intestinal absorption of glucose. tyrosine and phenylalanine which was demonstrated. This is the first report in which increased jejunal absorption of glucose and amino acids in experimental uremia has been shown and the first in which decreased energy efficiency has been demonstrated along with increased absorption. Other investigators (6. 33) have reported that uremic rats gain less weight per unit of energy intake than control animals. Our findings support the view that intestinal absorption is not a limiting factor in the availability of nutrients to uremic animals.
The increased absorption of glucose which we found may play a role in the altered glucose metabolism which has long been noted in uremia (7. 13). It is likely that as a result of increased absorption greater amounts of glucose would be taken up by the liver. The liver is in turn subject to the increased sensitivity of the glucose-elevating effect of glucagon present in uremia (4, 28, 30) . The increase in glucose absorption was proportionate to the concentration of glucose in the solutions perfused, with comparable differences at 4 and 40 mM between uremic and control animals. This indicates that the same factors which enhanced the passage of glucose solutions across the intestinal mucosal membrane were operative regardless of the concentration of glucose provided that the osmolality was adjusted to he isotonic with plasma.
Absorption of phenylalanine and tyrosine across the jejunum was also shown to be significantly increased in the uremic rats which we studied. Phenylalanine and tyrosine were selected among the substances tested because of the consistent finding in uremia of an increased ratio of plasma phenylalanine to tyrosine, related principally to a decrease in plasma tyrosine (40). Recently Jones el al. (16) reported that plasma phenylalanine rose to significantly greater levels in uremic patients than in normal controls following an oral load of phenylalanine. These findings are in agreement with our data which show direct evidence of increased jejunal absorption of phenylalanine in uremic rats. It has been demonstrated in patients and animals with uremia that the conversion of phenylalanine to tyrosine is impaired (18, 19. 24) . Young and Parsons (40) reported that sera from uremic patients produced a 15% decrease in hepatic phenylalanine hydroxylase activity in normal rats. Although Wang et al. (34) could not confirm this finding. they did show that kidney phenylalanine hydroxylase was significantly decreased in uremic rats. Our finding of increased jejunal absorption of both tyrosine and its precursor, phenylalanine, indicates that malabsorption is not a factor responsible for decreased levels of plasma tyrosine in uremia.
The fact that the absorption of alpha-aminoisobutyric acid and histidine was not altered by uremia can be explained on the basis that. although the neutral amino acids are considered to share a common translocation mechanism, their transport is also mediated by individual membrane carriers which are distinct from the nonspecific carriers (36. 37) and may be variably susceptible to the effects of uremia. Histidine is considered an essential amino acid (17) . and both increased and decreased plasma levels have been found in uremia (2, 10, 17). We were not, however, able to demonstrate any difference between control and uremic animals in jejunal transport of this amino acid.
In the studies of Wizemann et al. (39) , moderately uremic rats, comparable to those included in our experiments (BUN, 55 to 75 mg/dl) showed decreased absorption of leucine. However, severely uremic rats (BUN, 224 mg/dl) had a significantly higher rate of absorption of the same amino acid. The data provided did not allow for correlation of the integrity of the small intestinal mucosa with mucosal enzyme activity and absorption of nutrients.
It has been demonstrated that extreme malnutrition in the absence of uremia results in increased absorption of nutrients across the jejunum (20. 38). Lifshitz et al. (20) showed that rats fed low protein, low energy diets for 2 wk had significantly higher glucose absorption than animals fed a control diet. Similarly. Wapnir and Lifshitz (38) demonstrated that jejunal absorption of tyrosine and leucine but not phenylalanine was increased after 4 wk of malnutrition. The increased absorption of tyrosine which we observed was not. however. the mere result of this general effect of severe nutritional restriction because in our experiment the control rats were pair fed the same amount of Purina lab chow taken by the anorexic uremic rats. In addition. the pair-fed controls in our study absorbed glucose, phenylalanine, and tyrosine at rates comparable to those previously found in normal ad libitum fed control rats which were perfused under identical conditions in this laboratory (35) . The dissociation between severely malnourished rats which demonstrated normal absorption of phenylalanine and uremic rats which demonstrated increased absorption of this amino acid also argues against our results being an effect of malnutrition.
Our finding in the experimental rats of decreased incorporation of phenylalanine into the particulate insoluble fraction of mucosal proteins, generally associated with cell membranes, suggests that uremia interfers with the normal synthesis of structural and func-. tional proteins in the intestine. The significantly increased flux from blood-to-lumen demonstrated for glucose in our uremic animals suggests that a permeability defec'i of the jejunal mucosa was resoonsible for the enhanced transport which was found. ~i m i l a r i~. Ritz et al. (25) reported a breskdown of the mucosal barrier in the stomachs of uremic dogs. They found significantly increased plasma-to-lumen and lumen-to-plasma fluxes of sodium using Heidenhain pouches.
Structural alterations which might lead to altered cell membrane permeability and decreased protein synthesis have also been described in uremia. Goldstein el al. ( I I ) found electron microscopic abnormalities consisting of shortened villi with a "moth eaten" appearance in the duodenal mucosa of uremic patients. Numerous other reports of mucosal histology in uremia (15, 22, 32) show congestion and hemorrhage associated with ulcerative and necrotic lesions whenever changes were present. Such lesions were not visible on the mucosal surface of our uremic rats. Shear (27) evaluated tissue composition and in vivo protein synthesis in uremic rats. RNA content and [t4C]leucine incorporation parelleling organ weights and protein contents indicated that net protein synthesis was increased in liver and heart, but decreased in skeletal muscle. The author concluded that uremia selectively altered tissue composition and protein synthesis in different organs. In a similar fashion, our results showed that the intestine is another organ in which protein synthesis is decreased when measured by sensitive, direct methods.
The essential findings of this study suggest that alterations in the properties of the cell membrane of the small intestinal mucosa in experimental uremia resulting in increased permeability are responsible for the higher rates of absorption from the intestinal lumen during perfusions in vivo. This is consistent with views of Schultz (26) . who pointed out that in certain conditions "leaky" cells in the intestine provide an energy sparing method of solute transport. Such may be the case in experimental uremia. However, the possibility remains that the apparent "leaks" of the intestinal surface can entail the loss of nutrients in a portion of the gut distal to the jejunum with a concomitant decrease of nutritional efficiency for the whole organism.
